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Background: Hydraulic fracturing technologies, developed owr the last 65 years, have only 
recently been combined with horizontal drilling to unlock oil and gas reserves previously deemed 
inaccessible. Although these technologies have dramatically increased domestic oil and natural gas 
production, they have also raised oonoerns for the potential oontarnination of local water supplies 
with the approximately 1,000 chemicals that are used throughout the proce:s, including many 
known or suspected endocrine-disrupting chemicals. 

OBjectives: We dis:uss the need for an endocrine component to health assessments for drilling­
dense regions in the oontext of hormonal and antihormonal activities for chemicals used. 
Methods: We dis:uss the literature on a) surface and groundwater oontamination by oil and 
gas extraction operations, and b) potential human exposure, particularly in the oontext of the 
total hormonal and anti hormonal activities present in surface and groundwater from natural and 
anthropogenic sources; we also dis:uss initial analytical resul1s and critical knowledge gaps. 
discussion: In light of the potential for environmental release of oil and gas chemicals that can 
disrupt hormone receptor systems, we recommend methods for assessing oomplex hormonally 
actiw environmental mixtures. 

con c 1 usi o ns: We des:ribe a need for an endocrine-centric component for overall health asses­
men1s and provide information supporting the idea that using such a component will help explain 
reported adllerse health trends as well as help develop recommendations for environmental impact 
assessrnen1sand monitoring programs. 
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disrupting chemicals and oil and natural gas operations: potential environmental oontamination 
and reoommendations to assess oomplex environmental mixtures. Environ Health Perspect 
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Introduction 
A no-.el rource of human and animal expcsure 
to endocrine-disrupting chemicals (EDCs) is 
through their t.re in oil and ga:;drilling OjE"a­

tions. EDCs are exog:mous compounds that 
can disrupt both de-.elopment and normal 
hormone action either directly, by inter­
acting with hormone receptors as agonists/ 
antagonists, or indirectly by, for example, 
altering endogenous hormone concentra­
tions, deli-.ery to receptors, modulation of 
endogenous hormone responses, enzyme 
activities, or other mechanisms (Bergman 
et al. 2013; Diamanti-Kandarakiset al. 2009; 
Zcelleret al. 2014). Importantly, oil and ga:; 
operation chemicals hate bEen shown to act 
through both dira;t and indira;t m:chaniSTS 
(Andricet al. 2006; Kamtiset al. 2014; Knag 
et al. 2013; Thomas and Budiantara 1995). 
EDCs can exhibit effects at extremely low, 
environmentally relevant concentrations, 
particularly during rensiti-.e windows when 
exposure can alter normal de\elopment and 
result in adverre health outcomes during 
adulthood (Vandenberg 2014; Vandenberg 
et al. 2012; vom S:al et al. 2007; Welshans 
et al. 2003). Although chemicals Lred in and 
produced by oil and ga:; operations include 

EDCs, carcin~ns. radioactivecompounds, 
and other toxicants, herein, we will focus on 
the unique issues pored by their endocrine­
disrupting cctivitiEs. 

In hydraulic fracturing, millions of 
gallons of water, tens of thousands of 
gallons of chemicals, and millions of kilo­
grams of suspended rolids are injected into 
the ground under high prESSUre. Hydraulic 
fracturing rervES to fracture the shale or coal 
bed layer and rela::ee trapped natural ga:; or 
oil, allowing for increcred well production. 
Although hydraulic fracturing technologies 
hate bEen de\eloped over the lest 65 years, 
they hate only recently bEen combined with 
horizontal drilling to unlock vest reN oil and 
ga:; rEEerVES around the world that were pre.ti­
ously ciEerrecl either ina::x:e:Eible or unprofit­
able (Waxman et al. 2011; Wireman 2008). 
Chemicals are added throughout the entire 
production proa:s:; (including drilling, frac­
turing, and through closure) for a number of 
ra:rons (Table 1) (Deutch et al. 2011; Riedl 
etal. 2013; Waxman eta!. 2011). In total, 
approximately 1 ,000 chemicals are known 
to be used throughout the process [U.S. 
Environmental Protection Agency (EPA) 
2015; Waxman eta!. 2011]. 

Following the initial injection into the 
well to generate fractures, a portion of the 
injected volume returns to thesurfa:e imrre­
diately; this fluid is known as "flow-back." 
The remaining fluids either permeate the 
shale or coal bed formation and/or return to 
thesurfa:eover the life of the producing well; 
this fluidis known as "produced water." Both 
types of wastewater can contain fracturing 
fluids, naturally oocurring salts, radioactive 
materials, heavy metals, and other chemicals 
from the shale formation such cs polycyclic 
aromatic hydrocarbons, alkenes, alkanes, 
and other volatile and remi-volatile organic 
compounds (Deutch et al. 2011 ; Fontenot 
et al. 2013; Harknesset al. 2015; Harvey 
et al. 1984; Mauleet al. 2013; Warneret al. 
2012). Wastewater is dispaed of via injec­
tion wells, open evaporation pits, landfills, 
or treatment plants; through on-site burial; 
by being spread over road or fields; and/ 
or by being treated and reured in future 
hydraulic fracturing operations (Deutch et al. 
2011; Gi !more et al. 2014; Lre et al. 2011; 
Wireman 2008). Treatment of WcStewater for 
reure or dispo:al varies by geological region 
owing to differing chemical compositions 
and may include biological treatment, filtra­
tion or reration ster;s, and/or re-.erre-osmosis 
reparation (Lester eta!. 2015). 
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Potential Routes of Exposure 
to Oil and Natural Gas 
Operation Chern icals 

Water. Oil and natural ga:; operations can 
lead to the contamination of surface and 
groundwater, both of which are sourres of 
drinking water (revievved by Brantley et al. 
2014; Burton et al. 2014; Vengosh et al. 
2014). There are a variety of routes of 
contamination: spills of chemicals during 
transport to and from the fracturing site, the 
drilling and fracturing prcx:ea:s, improper 
tra:rtrrent and dispcsal of wcste.Nater, failure 
of well c:csings, and structural failure in aban­
donedwells(lngraffEret al. 2014; Kell2011; 
Mauter et al. 2014; Rozell and REE\en 2012). 

In 2013, spi lis were reported at 1% of 
Colorado wells (550/51 ,000 active wells), 
and it hcs b:en estimated that 50% of surfcre 
spills contaminate groundwater on the 
bcsis of data from Weld County, Colorado 
(Grca:; et al. 2013). An analysis of permitted 
PennsylvaniawellssugJ:lStsasimilar total spill 
rate of 2% (103/5,580 active wells; SJuther 
et al. 2014). Although all24 statES with <dive 
shale re::ervoirs report spills, reporting limits 
and required information vary widely, and 
only 5 statES require maintenanre of public 
records for spills and violations (SJraghan 
2014; Souther et al. 2014). Given the 
limited mandatory reporting, it is likely that 
the magnitude of the impact of oil and ga:; 
operations on water quality is underestimated 
(SJraghan 2014; Souther et al. 2014). For 
example, an analysis in Pennsylvania found 
that industry had reported 59% of docu­
rrented spills (SJutheret al. 2014). 

Wcstewater is commonly rent to wcste­
water treatment plants in many regions 
(Gilmore et al. 2014) that are not able 
to remove many of the anthropogenic or 
naturally occurring compounds prerent in 
wastewater from shale operations (Braga 
et al. 2005; Canlpbell et al. 2006; Westerhoff 
et al. 2005). Following this treatment, 
there compounds can be discharged into 
surfcre water (Ferrar et al. 2013b; Harkness 
et al. 2015; Warner et al. 2013, 2014). 
Transportation of chemicals for drilling and 
fracturing to well pads and transportation 
of wastewater away from well pads pores 
risks for contamination (Burton et al. 2014). 
Spi lis and leaks occur during transportation 
through wastewater pipelines, transfer to 
trucks at well pacl5, and vehicular transport to 
dispcsal facilities (Gilrnoreet al. 2014). 

Groundwater contamination cssociated 
with oil and ga:; operations has also been 
reported (Fontenot et al. 2013; J:d<son et al. 
2013; Osborn et al. 2011 ; Vengosh et al. 
2014). This contamination can occur via 
migration of chemicals from the surface or 
underground. An inVEStigation of wcste.Nater 

Assessing EDC mixtures in oil and gas operations 

pits and impoundments in the Marcellus 
Shale region reported a lack of maintenance 
of containrrent and transport systems, with 
spillsaffECtinggroundwater lar~lycsa result 
of equiprrent failure; and corrosion of pipES 
and tanks (Ziemkiewicz:et al. 2014). &Jrfcre 
spills of fracturing fluids can also contami­
nate groundwater, and elevated concentra­
tions of benzene, toluene, ethylbenzene, 
and xylene; (BTEX) have been reported in 
groundwater near surface spills (Grosset al. 
2013; Ziemkiewicz: et al. 2014). A recent 
U.S. EPA report conclusively linked hydraulic 
fracturing to drinking-water contamina­
tion at wells within fiveof six retrospECtive 
study regions; no bareline tESting wcs avail­
able for the sixth region (U.S. EPA 2015). 
Underground migration potential is also a 
concern. Concentrations of heavy rretals have 
been shown to increcse in drinking water 
with proximity to natural gcs \/'veils (Fontenot 
et al. 2013), and therm~nic (shale-origin) 
gcs concentrations in drinking water s:mpled 
from clcre proximity to natural gcs \/'veils have 

been reported to be higher than in water 
s:mpled from more distant sourres (J:d<son 
et al. 2013; Li and Carlson 2014; Osborn 
et al. 2011 ). Recent work sugge;ts that the 
main re:son for thee finding:;may be faulty 
\1\€11 casings (Darrah et al. 2014). 

Air. Oil and natural gas production 
proce:a:s also contribute contaminants to 
the air, creating another potential route of 
exposure for humans and animals (Colborn 
et al. 2014; Helmig et al. 2014; Mcrey et al. 
2014; Moore et al. 2014). Potential sourres 
of inhalation exposure for there chemicals 
include evaporation from surfacespillsand 
evaporation pits, flaring at the surfcre, and 
rela:Ee of chemicals during surfcre transfers 
and during prcx::es:;ing (Colborn et al. 2014; 
Trimble 2012). High-le.tel rela:s:s of chemi­
cals are episodic (Brown et al. 2014, 2015). 
Elevated levels of volatile organic compounds 
(VOCs) such as BTEX, alkene;, alkanES, 
aromatic compounds, and aldehydES have 
been reported during drilling, production, 
and completion from nearby \/'veils (Colborn 

Table 1. Functional categories of hydraulic fracturing chemicals [adapted from Colborn et al. (2011)]. 

Chemical categories Technical hydraulic fracturing use Example carpouncls 

Acids To achieve greater injection ability or penetration Hydrochloric acid 
and later to dissolve minerals and clays to reduce 
clogging, allowing gas to flow to the surface. 

Biocides To prevent bacteria that can erode pipes and fittings 1-methyl-4-isothiazol in-3-one, 
and to break down gel I ants that serve to ensure bronopol, glutaraldehyde 
that fluid viscosity and proppant transport are 
maintained. 

Breakers To allow the breakdown of gellants used to carry Amronium persulfate, magnesium 

aay stabi I izers 

Corrosion inhibitors 

Oosslinkers 

Defoamers 

Foamers 

Friction reducers 

Gellants 

p-i control 

Roppants 

&:ale inhibitors 

Surfactants 

the proppant; these are added near the end of peroxide 
the hydraulic fracturing sequence to enhance 
flowback. 

To create a fluid barrier to prevent mobilization of 
clays, which can plug fractures. 

To reduce the potential for rusting in pipes and 
casings. 

To thicken fluids, often with metallic salts, in order 
to increase viscosity and proppant transport. 

To reduce foaming after it is no longer needed in 
order to lower surface tension and allow trapped 
gas to escape. 

To increase carrying capacity while transporting 
proppants and decreasing the overall volume of 
fluid needed. 

To make water slick and minimize the friction 
created under high pressure and to increase 
the rate and efficiency of moving the hydraulic 
fracturing fluid. 

To increase viscosity and suspend sand during 
proppant transport. 

To maintain the p-i at various stages with buffers 
to ensure the maximum effectiveness of various 
additives. 

To hold fissures open, allowing gas to flow out of the 
cracked formation; usually corrposed of sand and 
occasionally glas or ceramic beads. 

To prevent buildup of mineral s::ale that can block 
fluid and gas passage through the pipes. 

To decrease liquid surface tension and improve fluid 
passage through pipes in either direction. 

Tetramethylammonium chloride, 
sodium chloride 

Ethoxylated octylphenol and 
nonylphenol, isopropanol 

Ethylene glycol, sodium tetraborate 
decahydrate, petroleum disti II ate 

2-ethylhexanol, oleic acid, oxalic acid 

2-butoxyethanol, diethylene glycol 

Acrylamide, ethylene glycol, 
petroleum distillate, methanol 

Ropylene glycol, guar gum, ethylene 
glycol 

Sodium hydroxide, acetic acid 

styrene, crystalline silica, ceramic, 
graphite 

Acrylamide, sodium polycarboxylate 

Naphthalene, 1 ,2,4-trimethylbenzene, 
ethanol, methanol, 2-butoxyethanol 

Categories and uses for comnonly applied chemicals that are comn:mly used throughout the hydraulic fracturing process 
with specificexamples provided for each category class. Adapted with permission from Colborn T et al. (2011). Reprinted 
by permission ofTaylor & Francis LLC(http://www.tandfonline.com). 
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et al. 2014; McKenzieet al. 2012; Roy et al. 
2014; Steinzoret al. 2013), in somecaxs 
exo:eding le.tels ob:er\€d in hEavily polluted 
inner cities (Helmig et al. 2014). 

Endocrine-Disrupting Chern icals 
and Oil and Gas Operations 
EDC activity of chemicals tEed in oil and 
natural gas operations. Our laboratory h26 
tested the estrogen and androgen receptor 
~tivities of 12 chemicals commonly u:ed in 
oil and ga:; operations using a lumine:rence­
l::la:a:l reporter gene bica:s3Y in human cancer 
cells. We measured stimulation of receptors 
(q:Jonist) or inhibition of positive control­
induced expJES5ion (antq:Jonist). We found 1 
estrogen rereptor qJOnist, 11 estrogen rereptor 
antq]Onists, and 10 androgen rereptor antcgo­
nists; reveral chemicals exhibited multiple 
rereptor ~ivitiES (Kamtiset al. 2014 ). 

A 2011 analysis reported approximately 
120 known or susp:cted EDCs out of 353 oil 
and ga:; operation chemicals with Chemical 
Abstrcct ~rvice (CAS) numbers (Colborn 
et al. 2011 ). Importantly, only half of the 
known oil and ga:; operation chemicals had 
CAS numbers at that time, grEEtly limiting 
the h:Eith a:£ffimellt for other chemicals us:d 
in thee prCJCeEES (Waxman et al. 2011 ). Still 
other chemicals remain proprietary informa­
tion (Shonkoffet al. 2014; Wireman 2011 ). 
For example, a recent study found that 67%, 
37%, and 18% of a:a:s::ed \Neils VI/ere frac­
ture::! with ~ 1, 5, or 10 proprietary chemicals, 
resp:cti\€ly (Souther et al. 2014 ). 

EDC a:tivity in tNaier rmroil and natutal 
gas q:Jeratiors. We a:a:ss::d the estrogen and 
androgen receptor ~tivitiES of water s:mples 
collected from five sites in a drilling-denre 
region of Garfield County, Colorado, that 
had experienced industry-related spills or 
pre.tentable dis:flarge; relati\€ to surfa:e and 
groundwater collected immediately outside of 
the drilling-denre region (Kamtiset al. 2014). 
Analysis of thee s:mples re.mled that surfa:e 
and groundwater from GarfieldCounty spill 
sites contained significantlyeleJated EStrogen 
q:Jonist, estrogen antq:Jonist, and androgen 
antq:Jonist ~tivities relati\€ to there at refer­
encesites (Kamtiset al. 2014). Independent 
analytical water testing at thee sites identi­
fiedchenicals that \Ne or others have shown to 
exhibit thees:meqJOnist and antq]Onist~iv­
ities (disct.a=Ed by Kamtiset al. 2014). Other 
re:earchers have reported estrogen q:Jonist 
and androgen antq:Jonist ~tivitiES amciated 
with oil sands and oil production wcstcwater 
(He et al. 2011; Thomes et al. 2004, 2009; 
T ollefren et al. 2007). 

Concentration of oil and natural gas 
operation chemicals in water. Hydraulic 
frccturing wcste.Nater is reported to contain 
hundreds of organic chemicals (polyeth­
ylene glycols, ethoxylated surfcctants, BTEX 
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compounds, biocidES, polycyclic aromatic 
hydrocarbons, aromatic amines, and more), 
with total dissolved organic carbon 26 high 
26 5.5 g/L, and many individual compounds 
pre:ent at > 500 rng/L and up to grams per 
liter concentrations (Kahril26 et al. 2015; 
Mq:Juire-Boyleand Barron 2014; Orem et al. 
2014; Thurmaet al. 2014). A recent report 
analy;1HJ publicly atailable data on FraFocus, 
an industry disclosure \Nebsite (http://www. 
frccfocus.org/), and reported ben2ene::; 4.1% 
and naphthalene and ethylben2ene ::; 0.45% 
of total fr~turing fluid volume, resulting 
in milligrams per liter concentrations for 
there and other chemicals (Schreffer and 
Bernhardt 2014). 

Surface spills have been reported to 
contaminate groundwater with chemi­
cals from oil and g26 operations (Gross 
et al. 2013). Groundwater at surface spill 
sites contained 1.4, 2.2, 0.2, and 2.6 rng/L 
ben2ene, toluene, ethylben2ene, and xylene, 
respectively, and there concentrations 
c:IEcra:red o\€r time and distance from the spill 
sites (Grrn;et al. 2013). S:rnpling of ground­
water in Pavillion, Wyoming, by the U.S. 
EPA in a region where no specific a::cident 
or spi II had occurred re.mled concentrations 
of BTEX, naphthalene, ethylene glycols, and 
other oi I and ga:; chemicals at concentrations 
ranging from 0.01 to 8 rng/L (DiGiulio et al. 
2011 ). Becaure some of thee chemicals have 
been shown to disrupt multiple hormone 
receptors in vitro at concentrations in the 
micrograms per liter range (Kassotiset al. 
2014), thee groundwater s:mples contained 
concentrations of thee chemicals within the 
bi~i\€ range in our reporter genea:tt~ys. To 
date, few comprehensive analys:s ha\€ been 
performed of oil and ga:; operation-deri\€d 
chemicals in drinking-water s:mples. 

Potential Endocrine-Related 
Health Effects of Oil and Gas 
Operation Chern icals 
Oil and gas q:Jeration dsnicals and health 
effects. Evidence of potential harm from 
exposure to hazardous chemicals, pollutants, 
and emig;ions ured in oil and natural gcs 
operations h26 been reported. Thee reports 
ha\€ most often been ca::e reries involving 
natural experiments using qucsi-experimental 
design and have in\Stigated domEStic animals 
and wildlife (Bamberger and Oswald 2012). 
R.Es:Erchers have alro begun to document in 
both reports and white papers the content 
and quantitiES of hazardous chemicals, pollut­
ants, and emig;ions associated with there 
operations (Ecstern REs:Erch Group and ~ 
Environmental Consulting 2011; Ethridge 
2010; Steinzoretal. 2013; Witteretal. 2008). 
Concurrent with thee environmental testing 
projects, surveys of local rESidents VI/ere also 
performed, and the reports sugge;ted that 

living in clere proximity to oil and ga:; opera­
tions hcs the potential to affect human and 
environmental health (Ferrar et al. 2013a; 
Rabinowitzet al. 2015; Steinzor et al. 2013; 
Subra 2009, 2010). At the preent time, a 
limited number of epidemiology studies have 
been conducted to explore the relationship 
bet\M:en h:Eith effectsand exposure to oi I and 
ga:; operation chemicals 26 dEScribed herein 
and 26 reviaNed by Webb et al. (2014) and 
Werner et al. (2015). 

Theiological plausibility of h:Eith effects 
amciated with exposure to hazardous chemi­
cals, pollutants, and emiffiions us:d in oil and 
natural ga:; operations hcs also bEen explore::!. 
Many of thee chemicals ha\€ documented 
ac::l\.€rre h:Eith effEctsin humans, are designated 
priority pollutants by the U.S. EPA, and/or 
are knONn or suspECted EDCs (Colborn et al. 
2011; Waxman et al. 2011 ). For example, 
exposure to naphthalene, a constituent of 
crude oil and a chemical u:ed by industry 
for hydraulic frccturing prcx:ea:s (Waxman 
et al. 2011) and that h26 bEen reported in 
air and water nEEr operations (Colborn et al. 
2014; DiGiulio et al. 2011; Wolf Eagle 
Environmental 2009), can result in altered 
steroid hormone le.tels, incra:m::l reproducti\€ 
abnormalities, and impaired rexual matura­
tion in animal models and in vitro (Hanren 
et al. 2008; Pollino et al. 2009; Thomes and 
Budiantara 1995; Tintoset al. 2006), albeit 
generally at grEEter concentrations than there 
reported I1Eff theesitES. 

Occupational expa;ures. As with all 
environmental exposures, there who work 
around or with hazardous chemicals face 
significantlyhigher exposure risk than dOES the 
general population. ThENational Institute of 
Oocupational HEalth and S:lfety (N I OSH) hcs 
published two studies for the oil and natural 
ga:; extrcction industry: one about work crew 
exposure; to rESpirable crystalline silica, and 
the other about work crew exposures to V OCs 
(Esswein et al. 2013, 2014). In both caxs, 
thee pilot data indicated that rome workers' 
exposures exo:eded N I OSH and/or ACG I H 
safe levels (reported therein) for crystal! i ne 
silica, flammable hydrocarbon emig;ions, 
and be112Ene. 

Reproductive efffrfs. Exposure to VOCs 
including but not limited to I:Jeroene, toluene, 
ethylben2ene, xylene;, and formaldehyde, all 
chemicals u:ed in and produced by oil and 
natural ga:; operations (Colborn et al. 2011; 
Waxman et al. 2011 ), is cssociated with 
reproductive health effects in both humans 
and animals. Thee effects include impaired 
fertility and fecundity via reduced rernen 
quality and imp:~ire::l menstrual cycles26\Nell26 
incre:m::l risk of ma:arricg:; stillbirth, preterm 
birth, and birth defEcts, 26 re.tie.rva::l by Webb 
et al. (2014). A list of other ad\€rse endo­
crine h:Eith effEcts due to exposure to single 
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chanicals l.S:d in and produce::! by oil and ga:; 
operations hcs bEen a:rembled and is avail­
able online (http:/ /endocrinedisruption.org/ 
chanicals-i n-natural.gas.operations/chanicals). 
A~ pttg1ancy outaxnes. McKenzie 

et al. (2014) Lred spatial analysis to evaluate 
the likelihood of ad\.erre pre;Jnancy outcoiT'fS 
in a cohort of 12,842 li\€ births for mothers 
living within 10 miles of drilling well 
operations compared with mothers with no 
drilling 'v\€lls within 10 miles. Significantly 
increa::ed risks for congenital hEart defects 
[adjusted odds ratio (AOR) = 1.3; 95% 
confidenreinterval (CI ), 1.2, 1.5] and neural 
tube defects (AOR = 2.0; 95% Cl: 1.0, 3.9) 
'v\€re ob::er\ed, but no cssociation with oral 
clefts (AOR = 0.82; 95% C I: 0.55, 1.2) wcs 
ol:rer\ed. In contrcst, a study on low birth 
weight that used a similar design showed 
mixed results (McKenzie et al. 2014; Stacy 
et al. 2015). In two ca::e--control studies, 
maternal or paternal occupational exposure 
to glycol ethers (hormonally acti\€ chemi­
cals Lred in fracturing fluids; Kcssotis et al. 
2014; U.S. EPA2015; Waxmanetal. 2011) 
and other chemicals (pesticidES, polychlori­
nated compounds, phthalates, bisphenol A, 
alkylphenolic compounds, heavy metals, and 
mis:ellaneousagents) during pre;Jnancy wcs 
associated with congenital malformations 
(Cordieretal. 1997). 

Canrer. In a hEalth impact a:a:ssment, 
McKenzie et al. (2012) l.fEd spatial modeling 
bcsed on residence proximity (S 0.5 miles 
vs. > 0.5 miles) to oil and gcs operations in 
Colorado and found an elevated cumulati\€ 
cancer risk for people living near drilling 
'v\€lls (10 per 1,000,000 vs. 6 per 1 ,000,000). 
Two studies calculated standardized inci­
dence ratics. One study wcs a cancer cluster 
analysis that compared the rates for re\€ral 
cancers in a drilling-denre Texas town 
with state rates using 3 years of cancer inci­
dence data. Mokry et al. (2010) reported a 
statistically significantly elevated rate for 
breast cancer [(standardized incidence ratio 
(SIR)= 1.3; 95% Cl: 1.1, 1.5]. The other 
study compared Pennsylvania counties before 
and after launching drilling operations. FryLEk 
et al. (2013) found a slightly increa::ed rate 
of one cancer, central nervous system tumors 
(SIR= 1.13; 95% Cl: 1.02, 1.25), after 
uncon\€ntional drilling operations began in 
northxst Pennsylvania (FryLEketal. 2013). 

Limitaticns and data gp5. Limitations of 
the above-mentioned studies are the lack of 
both direct expcsure cm:s:rrent and informa­
tion on residential mobility of study partici­
pants. To date, no longitudinal study has 
enrolled a cohort of residents in a community 
that hcs an acti\€ oi I and natural ga:; extraction 
industry so that biomarkers can be obtained 
in a timely manner. Known and suspected 
risk fcctors rm::l to be collected to fully model 

the exposure risk. The critical route/timing 
of exposure for hazardous chemicals cssoci­
ated with oil and natural gcs operations hcs 
yet to be established. Drilling wells relea::e 
differentarnounts of air pollutants at different 
stages of the de\€loprnent and production 
proa:s9:5 (Brown et al. 2014; Colborn et al. 
2014; Helmig et al. 2014; McKenzie et al. 
2012), and residents, including pregnant 
women, may be expored to thEre pollutants 
throughout extraction or only during specific 
stages. Drinking-water expcsure may show 
considerable heterogeneity owing to the 
hydr~logy of undergroundwater fiONam -
ciated with releared natural and man-made 
chemicals, and I imited data are available on 
contamination of drinking water in areas that 
ha\€oil and natural ga:;operations. 

Recommendations 
Thendocrine system is dESigned to respond 
to extrerrely ION concentrations of hormones, 
making it uniquelya:juippedtoa:a:ssexposure 
to low levels of exogenous hormonally acti\€ 
contaminants. Although toxicological studies 
often a:a:ss adverre outcomes from high­
exposurescenarics relevant to occupational 
exposure, endocrinological studies can cm:ss 
outcomes from low-level exposure that may 
be more relevant to humans I ivi ng nEBr oi I and 
natural ga:; operations. By combining existing 
in vivo EDC studies with knowledge of the 
hormone receptor activity profile of chemi­
cals l.S:d in oil and natural ga:; operations, 'v\€ 
can identify ad\€rre hEalth outcoiT'fS in areas 
where humans and animals are expored to 
thEre chanicals for epidEmiological cm:s:rrent. 
We can then urea modified Bradford-Hill 
approach to a:a:ss causality betv\en environ­
mental exposures and ad\.erre hEalth outcoiT'fS, 
as suggested by Zoeller et al. (2014). The 
ri~ related to potential exposure and ad\€rre 
outCOIT'fS in humans and wildlife populations 
ha\€ not bEen affordedcomplete evaluations 
in part becaure of exemptions from parts of 
six key federalre;Julatory acts that traditionally 
act toS3feguard U.S. watersouro:s, including 
the S:lfe Drinking Water Act and the Clean 
Water Act (Clean Water Act 1972; Deutch 
et al. 2011; S3fe Drinking Water Act 1974). 

Bcsed on the hypothesis that expcsure 
to oil and natural gcs chemicals contributes 
to negative health outcomes, we offer the 
following recommendations to evaluate the 
ri~ pored to humans and wildlife: a) inte­
grateendocrine-centricend points into human 
hEalth cm:s:rrents in areas of uncon\€ntional 
drilling operations; b) perform biornonitoring 
studies for chemicals and their metabolites 
in humans; c) develop an effect-directed 
scrrening approach to a:a:ss endocrine-related 
effEctrof mixtures; d) perform controlled labo­
ratory animal studies of exposure to complex 
mixtures of oil and natural gcs chemicals to 
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a:a:ss ad\€rre hEalth outCOIT'fS; and e) perform 
in vitro bic:e:s:l'fS to a:a:ss receptor interactions 
with complex mixtures. 

Endocrine tmlth a:as::illef11s. We sugJ:st 
incorporating an endocrine-centric compo­
nent into overall human and environmental 
health a:a:ssments. An endocrine-centric 
hEalth component would cssurne additivity 
of chemicals, an cssumption that hcs bEen 
shown to be recsonable for chemicals acting 
through similar m:dlanisms of action (Payne 
et al. 2000; Rajapakre et al. 2002; Silva et al. 
2002). Thiapproach would cm:ss common 
ad\€rre endocrine end points that ha\€ bEen 
shown to result from disruption of specific 
hormone receptors alone and in combination, 
including a) reproducti\€effects(infertility, 
subfertility, reduced sperm counts, miscar­
riage, preterm birth, birth 'v\€ight, puberty), b) 
developmental irre;Jularities (cryptorchidism, 
hypospadia:;, neural tube defects, congenital 
hEart defects), and c) cancer, particularly 
hormone-responsi\€typessuch as tESticular, 
breast, prcstate, and brain cancers (re.tie.fl.ed 
by Bergman et al. 2013; Diamanti-Kandarakis 
et al. 2009; Vandenberg et al. 2012; Zceller 
etal. 2012). 

Measurement of chemicals in humans 
and wildlife (biomonitoring). One of the 
major limitations in human risk a:a:ssment 
of oil and natural ga:; operations is the paucity 
of chemical exposure information, consid­
ering the number of chemicals used and 
the proprietary disclosure rules. Until now, 
mcst rEEEErch hcs focLred on airborne emis­
sions (reviewed by Moore et al. 2014) and 
water contamination (re.tie.rva::l by RD2EII and 
Ra:tven 2012; Vengcsh et al. 2014). Although 
epidemiological studies ha\€ begun to cm:ss 
ad\€rre hEalth outCOIT'fS nEBr drilling opera­
tions (McKenzie et al. 2014), to our knowl­
edge, no re:mrchers ha\€ yet pub I ished data 
on concentrations of oil and gcs operation 
chanicals in humans or wildlife. 

Chemical characterization is required to 
determine appropriate biomonitoring candi­
dates. Recent work has detailed analytical 
approaches for characterizing the various 
cla:a:sofcompoundspre:ent in hydraulicfrar 
turing wastewater (Ferrer and ThurmafW15). 
We sugJ:st that oi I and ga:; wastewater be l.fEd 
to determi re the presence of chanicals that can 
resu It in the ot.rerve::l egan ist and/ or anta;:pn ist 
respons:s. Initial identification should occur 
via re.errernatching to knONn compound lists 
such cs the National Institute of Standards and 
Technology (N 1ST) SpectraiS:Erch Program 
for the NIST/U.S. EPA/National Institutes of 
Health (NIH) Mess Spectral Library. ThEre 
compounds can be further re.erre-rnatched 
to known oil and gas operation chemicals 
(Colborn eta!. 2011, 2014; U.S. EPA2015; 
Waxman et al. 2011 ). Becau::e this step may 
miss proprietary compounds not currently 
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reported by industry, it should be us:;d cs a 
supplement to reverse-matching databaxs. 
The:eompounds can then be confirmedby 
comparing them with authentic standards. 
ThErehemicalscan be further tESted in bia:s -
53y.s to determire ra:Eptor activitiES and their 
likely pre::ence and contribution to activi­
ties in water. The::e data can then guide the 
development of analytical rrethods for tar~t 
compounds and their rretabolitesrerving cs 
biomonitoring candidates in humans living 
llEBr extraction operations. 

Using effecls.dim:!Edanai}E;is to identify 
chemicals responsible for EDC activity. 
Analytical identificationof hormonally acti\€ 
chemicals pre::ent in both water and air must 
be performed to better characterize source 
and exposure and to cs:ess risk. Whenever 
possible, analysis of complex environrrental 
samples should be performed using an 
effects-directed analysis approach (Burge;s 
et al. 2013; Liscio et al. 2014; RostkoV~,.Ski 
et al. 2011) coupled with a resporre--balance 
apprca:::h (Cargouet et al. 2004; &:hriks et al. 
201 0; Sun et al. 2008). 

This effects-directed/ response-balance 
apprca:::h should tar~t the most hormonally 
acti\€s:mp1Es from drilling ~ions (cs relics 
from reference sitES to eliminate background 
activity/chemicals) for chemical fractionation 
and tESting. T~rocedure:sshould include 
orthogonal reparations and screening of the 
re:sulting fractions in biOC'fE3ys to refine and 
isolate bioacti\€ chemicals. Refinedfractions 
can then beanaly.1Ed using therT12ffispe:;trom­
etry (MS) tools dEScribed below and recently 
reported (Ferrer and Thurmar2015) to help 
identify chemicals responsible for obrer\ed 
activities. Once candidate chemicals have 
bEen identified, authentic standards may be 
us:d to confirmthe MS identificatiorand the 
bioactivity ol:rer\€CI in bicas3ys. Thifrethod 
hcs bEen us:;d suc:ce:Efully to identify no\€1 
bioacti\€ compounds and repre::ents the bESt 
approach for characterizing the EDCs that 
are most responsible for obrer\ed activities 
(Liscio et al. 2014; Rcstkowski et al. 2011 ). 
Finally, biological activity can be coupled with 
chemical concentrations obtained from envi­
ronrrental monitoring to determire relati\€ 
contributions to OOer\€CI ra:Eptor activitiES, cs 
hcs bEen dEScribed by others (Cargouet et al. 
2004; &:hrikset al. 2010; Sun et al. 2008). 

EDC-rentric laboratory animal health 
asses:men1s. Laboratory animal models can 
and should be us:d to tESt for cat.JS3I relation­
ships betvvEen exposure and negati\€ health 
outcome; that might be expected in drilling­
derre ~ions. Humans and wildlife living in 
th:re ~ions are likely expaa:J to oil and ga;; 
operation chemicals during different develop­
mental windoV~,.S, and known critical periods 
such cs prenatal, perinatal, childhood, and 
puberty should be tar~ted. StudiES of adult 
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exposure should also be performed to cs:ess 
occupational exposure and chronic exposure 
at envi ronrrentally rele.tant la€1s encountered 
by llEBrby residents. We further recomrrend 
that the route of exposure remain cs relevant 
cs prn;ible. Likely expcsure to chemicals may 
oc:cur through oral, dermal, and/or inhalation 
routes, and pararreters such cs volati I ity and 
p:rtitionccefficienlwill helpdetermirewhich 
exposure routes are of the highest concern 
for individual chemicals. Route of exposure 
is crucial to understanding health effects 
ba::at.re varying routES of expcsure can re:sult 
in \€ry different bioavailability of EDCs, cs 
hcs recently bEen dEScribed for bisphenol A 
(Gayrard et al. 2013; Hormann et al. 2014; 
vom S:al and Welshons 2014 ). Ad've!re health 
outCOmES that should be tar~ed are dEScribed 
abo\€ in both the ~tion entitled "Potential 
Endocrine-Related HEalth EffEctsof Oil and 
Ga;; Operation Chemicals" cs rei I cs in our 
recommendation ~rding endocrine health 
cs:essrrents and are known to result from 
exposure to EDCs (reviewed by Bergman 
et al. 2013; Diarranti-Kandarakiset al. 2009; 
Vandenberg et al. 2012; Zoeller et al. 2012); 
many protocols have bEen dEScribed for the 
evaluation of the::eend points (Diarnanti­
Kandarakis et al. 2009; Schug et al. 2013; 
U.S. EPA 2009a, 2009b, 2009c; Zoeller et al. 
2012). These data can provide important 
information for further refininghuman epide­
miological studiES cs rei I cs studies on pets 
and wildlife populations, which have ra:ently 
b:En shown to be affEctedby endocrire health 
concerns (Banlber~and OsNald 2012, 2014, 
2015; Grantetal. 2015; ~licsand Vela:r:o 
2013; Sl izo\Skiy et al. 2015). 

Bioassays for complex mixtures. With 
approximately 1,000 chemicals us:;d in and 
produced by oi I and ga;; operations (U.S. EPA 
2015), there is a critical reed for rrethods 
to a:a:Jffi the EDC activity of the::e complex 
mixturES. Methods of cs:essing the activity 
and potential health risks of mixture; that can 
appropriately addreffi the interplay betvvEen 
receptor systems are limited. Obrerved 
outcome; in vivo can often be the re:sult of 
disruption of ffi'veral hormore receptorSf.Sl:erns 
by single chemicals or by mixturES. Statistical 
modeling (Orton et al. 2012), in vitro and 
in vivoa:ays (Silvaet al. 2002), quantitati\€ 
structure analysis (Nishiharaet al. 2000), ~re 
expres;;ion (Richter et al. 2014), and other 
tools have bEen us:;d to cs:ess a number of 
laboratory-definedmixture:s that interact with 
single hormore receptors. 

Modeling complex mixture; can greatly 
reduce the number of independent tests 
that need to be performed when cs:essing 
toxicity. For example, Bertin et al. ured a 
neural networking model to cs:ess mixture 
toxicity, achieving a predictive model with 
approximately 10% of actual interactions 

tESted (Bertin et al. 2013). Ho\1\ev'er, dESpite 
clEar suc:ce:a:s with relati\€ly uncomplicated 
mixtures, analysis of more complicated 
mixture; appEalS to be beyond current capa­
bilities (Kortenkamp et al. 2014; Orton 
et al. 2012) owing to insufficient<nowl~ 
of interreceptor interactions and indirect 
chemical-receptor interactions (Kortenkamp 
et al. 2014). An additional concern involves 
indirect interactions betvvEen chemicals and 
receptors. For example, interaction with the 
aryl hydrocarbon receptor can re:sult in the 
activation of cytochrome P450 enzymes, 
which are rei I known to alter end~nousand 
ex~ous chemical rretabol ism and therefore 
expcsure (Anzenbacher and Anzenbacherova 
2001; MarkONitzetal. 2003). lnacti\€chemi­
calscan berretaboli2ECI intoacti\€rretabolitES, 
re:sulting in mixture; of inacti\€ chemicals that 
can act cs cgonists or antcgonists in mixture; 
only (Gauger et al. 2007). lmpro\€d charac­
terization of th:re interactions will provide a 
clEarer understanding of the utility models can 
provide towards a:a::ffii ng in vivo outCOmES, cs 
relics their limitations. 

E3a::aLre it is not prn;ible to tESt all combi­
nations of chemicals in vitro and/or in vivo, 
we recomrrend performing guided in vitro 
and in vivo rEEEl3rch that fOCUSES on receptor 
interactions. We sugge;t that reporter ~ne 
a:ays be us:;d for in vitro testing ba::at.re of 
their low ccst, e:re of ure, reliability, high 
rensitivity, and a:re of adapting for multiple 
receptor systems (Naylor 1999; Rajapakre 
et al. 2002; Silvaet al. 2002; SJtoet al. 2006). 
Similar a:ays including ye:st receptor screens 
[)€ESt EStr~ screen (YES), ye:st andr~n 
scram f'{PS), etc.] tend to be les;; robust and 
1€95 rensiti\€, albeit IES:> su:reptible to toxicity, 
whera:s cell proliferation a:ays (E.SCREEN, 
A-SCREEN, etc.) are equally rensiti\€ and, 
unlike reporter gene essays, can measure 
no~nomic effectsthrough cell-surfa:e 1ffEP -
tors; hoV\e\ff, theyare~lly les5applicrole 
for diverre receptor testing (Leusch et al. 
2010). Current high-throughputCffi3Y options 
such cs Tox21 or ToxCcst™ are of great 
ure cs di\€rre first-~ns for individual 
compounds, although it is unclear whether 
they will be helpful in the assessrrent of 
complex mixture; (Filer et al. 2014; Ticeet al. 
2013). Rather than the single-receptor tests 
us:d by th:re Sf.Sl:erns, a:a:ffiing chemicals and 
mixture; of chemicals in controlled multiple­
receptor systems is critical to understanding 
and a:rounting for ra:Eptor interplay. 

Improvement of the utility of in vitro 
C?.ES3.Y systems should take place in re\€ral 
steps. First, receptor interaction can be 
~through tESting positi\€ controls in 
both the pre::ence and the abrence of other 
receptors. IdEally, this tESting should be dore 
across reveral cell line; to identify chemical 
impin~nt on receptor interactions and 
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tiffille-SP€Cificcomodulators. Once multiple­
receptor experiments are carried out with 
single chemicals, simple mixtures with ciEErly 
definedra:eptor activity profilescan be intro -
duced to determine how simultaneous inter­
actions with reveral receptors can modulate 
respors:s. Further work should be coupled 
with in vivo experiments to understand thee 
interactions in a whole-animal model and to 
confirm in vitromultiple-ra:eptor results. 

Potential Implications 
Re::ent analy.xs of the potential contributions 
of EDC exposures to a::l\€1re endocrine h:Eith 
outcom:s, such cs ob:sity, cancers (particularly 
hormone-dependent), reproduction/i nferti I ity, 
rretabolic dis:EB:S, and de..€1oprrental abnor­
malitiES, Sl.l!IJ=S1: that EDC exposures ax:ount 
for an estimated 1.8% to 40% of societal 
h:Eith care ccsts (Hunt and Ferguson 2014; 
OlffiJn 2014; Trasande 2014). More ra:ently, 
a suite of studiESEStimated the potential h:Eith 
care cx::sts for the European Union (EU) due 
to EDC exposures: neurobehatioral deficits 
and disorders(> 150 billion eurcs; Bellanger 
et al. 2015), obEsity and diabetES(> 18 billion 
eurcs; Legler et al. 2015), and male repro­
ductive disorders and diSXEES (> 15 billion 
eurcs; Hauser et al. 2015). Alt~ther, the 
median ccst to the EU for EDCs with the 
highest probability of causation wcs esti­
mated at 157 billion eurcs per yer (TIC'63nde 
et al. 2015). Wherecs expcsure to oil and 
gcs operation chemicals individually would 
likely result in only a fraction of thee ccsts, 
incra:sing exposure to a::lditional hormonally 
active chemicals is a cause for concern given 
the a::lditive nature of many of thee ra:eptor 
systems. As such, there are potentially large 
financial implications for exposure to EDCs 
from their use in oil and ga:;operations. 

Conclusions 
Herein, we have provided a reries of recom­
rrendations that wi II allow scientificallydefen -
sible, accurate ce:essrnents of the potential 
endocrine-related risks from chemical exposure 
m;ociated with oi I and natural ga:; operations. 
We prerent thee recommendations in light 
of the growing body of information regarding 
both chemical concentrations in the environ­
rrent and a::lverre h:Eith outcom:s reported in 
humans and in wildlife. WeSl.l!IJ=S1: that thee 
apprca:f1ES will IEa:l to imprO'v€CI information 
for resource mancg:ment decisions and will 
ultimately protECt and improve human h:Eith. 
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